We demonstrated that infection of 17Cl-1 cells with the murine coronavirus mouse hepatitis virus (MHV) induced caspase-dependent apoptosis. MHV-infected DBT cells did not show apoptotic changes, indicating that apoptosis was not a universal mechanism of cell death in MHV-infected cells. Expression of MHV structural proteins by recombinant vaccinia viruses showed that expression of MHV E protein induced apoptosis in DBT cells, whereas expression of other MHV structural proteins, including S protein, M protein, N protein, and hemagglutinin-esterase protein, failed to induce apoptosis. MHV E protein-mediated apoptosis was suppressed by a high level of Bcl-2 oncogene expression. Our data showed that MHV E protein is a multifunctional protein; in addition to its known function in coronavirus envelope formation, it also induces apoptosis.
Apoptosis (or programmed cell death) is an important process in the development and homeostasis of multicellular organisms (18, 28, 43) . In most cases, apoptosis is executed by activating a proteolytic system involving a family of proteases called caspases. Caspases participate in a cascade that is triggered in response to proapoptotic signals and culminates in cleavage of a set of proteins, resulting in cell death (12, 45) . Apoptosis also represents a highly efficient defense mechanism against virus infection; apoptosis aids in removal of viral proteins and nucleic acids by the infected host. Two types of apoptotic stimuli eventually lead to apoptosis of virus-infected cells. Virus-infected cells undergo apoptosis by the attack of cytotoxic cells, including cytotoxic T cells and natural killer cells (50, 51, 62) . Virus-infected cells may also undergo a cellautonomous apoptosis without the attack by immune cells; accumulated data show that many viruses induce apoptosis in infected cells (25, 29, 37, 38, 42, 44, 47, 48, 56, 59) . In addition, different viruses have developed a variety of strategies to interfere with host cell apoptosis (1, 9-11, 16, 23, 24, 39, 41, 58, 65) . Inhibition of apoptosis often enhances replication and accumulation of these viruses.
Coronaviruses are enveloped RNA viruses that cause gastrointestinal and upper respiratory tract illnesses in animals and humans. These range in severity from a very serious neonatal enteritis in domestic animals to the common cold in humans. Although coronavirus infections are usually acute, some coronaviruses cause persistent neurotropic infections in animals (2, 49, 61) . Among the coronaviruses, mouse hepatitis virus (MHV) is one of the best characterized in terms of its pathogenesis and molecular biology. MHV causes various diseases, including hepatitis, enteritis, and encephalitis, in rodents (13, 61) . In addition, infection with certain strains of MHV causes demyelination in rodents, and MHV-induced demyelination has been used as an excellent model system for human demyelinating diseases, such as multiple sclerosis (2, 27, 34, 61) .
MHV contains a 32-kb-long positive-sense, single-stranded RNA genome (32, 35, 46) that encodes 11 open reading frames which are expressed through the production of genome-size mRNA and six to eight species of subgenomic mRNAs (33, 36) . These mRNAs form a 3Ј coterminal nested-set structure, and generally, each MHV-specific protein is translated from each subgenomic mRNA. Two viral envelope proteins, the 23-kDa M protein and the 9.6-kDa E protein, play an important role in the formation of MHV envelope (5, 30, 60) . The E protein is present in only minute amounts in coronavirus particles (64) . Expression of the coronavirus M and E proteins is sufficient for the production of virus-like particles (3, 5, 60) . In addition to the M and E proteins, the coronavirus envelope includes the 180/90-kDa S protein, which binds to coronavirus receptor (17) and forms the characteristic coronavirus peplomer. Some coronaviruses contain a 65-kDa hemagglutinin-esterase (HE) protein, which is not essential for coronavirus replication in cell cultures, although it may affect viral pathogenicity (63) . The coronavirus genomic RNA is associated with a 50-to 60-kDa N protein forming a helical nucleocapsid (55) .
Infection of coronaviruses in cultured cells usually results in the death of infected cells. Eleouet et al. (19) demonstrated that infection of coronavirus transmissible gastroenteritis virus (TGEV) induces caspase-dependent apoptosis in several cell lines. Their data suggest that TGEV infection may lead to apoptosis via cellular oxidative stress. Belyavskyi et al. (4) showed that MHV strain 3 (MHV-3) infection of cultured macrophages induces apoptosis, while it is not clear whether MHV-3-induced apoptosis is caspase dependent. It is not known whether any TGEV-or MHV-3-specific proteins are responsible for the induction of apoptosis.
In the present study we first investigated whether MHV infection induced apoptosis in established cell lines. We examined morphological changes which occurred during MHV infection of 17Cl-1 cells (obtained from Susan Baker, Loyola University Chicago). Cells were cultured in a medium con-sisted of Dulbeco's modified minimum essential medium (DMEM) containing sodium pyruvate (JRH Biosciences), heat-inactivated 10% fetal calf serum, and 0.1 mg of kanamycin per ml. Shrinkage, rounding, and aggregation were the cytopathic effect (CPE) observed in 17Cl-1 cells that were infected with the A59 strain of MHV (MHV-A59) at a multiplicity of infection (MOI) of 5. The CPE was evident at 20 h postinfection (p.i.), and the extent of CPE became stronger until about 70 h p.i., the last time point of our observation. Many of the cells showing CPE became detached from the plates; in MHV-A59-infected cells, about 90, 70, and 50% of cells were attached to the plates at 36, 50, and 70 h p.i., respectively. CPE appeared more quickly in cells infected with MHV-A59 than in cells infected with the JHM strain of MHV (MHV-JHM), whereas after about 50 h p.i., the extents of CPE in the two infected cultures were similar.
We examined MHV-infected 17Cl-1 cells for the presence of internucleosomal DNA cleavage, an event commonly observed in apoptotic cells. At various times after infection, cells attached to the plates were scraped by using a rubber policeman and combined with those floating in the medium. Low-molecular-weight apoptotic DNA fragments were collected as described by Hinshaw et al. (25) and then separated by agarose gel electrophoresis (Fig. 1) . A sign of internucleosomal DNA cleavage, which appeared as a low level of smearing of DNA in agarose gel electrophoresis, was first detected at 36 h p.i.; a DNA ladder was not evident at this time (data not shown). At 50 h p.i., a DNA ladder was evident both in MHV-A59-infected cells and MHV-JHM-infected cells, and the extent of DNA fragmentation increased at 70 h p.i. (Fig. 1) . The DNA cleavage appeared more slowly in MHV-JHM-infected cells (Fig. 1 , lane 4) than in MHV-A59-infected cells, while at 70 h p.i., the extents of DNA fragmentation in MHV-JHM-infected cells and in MHV-A59-infected cells were similar. A DNA ladder was not detected in the mock-infected cells at 50 or 70 h p.i. (Fig. 1 ). These data demonstrated that extensive internucleosomal DNA cleavage occurred late in infection in MHVinfected 17Cl-1 cells. We used the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay (ApoAlert DNA fragmentation assay kit; Clontech) to further confirm DNA fragmentation in MHV-A59-infected 17Cl-1 cells (Fig. 2) . DNA fragmentation was found in the MHVinfected 17Cl-1 cells that remained attached to the plate at 36 and 48 h p.i. Approximately one-quarter of the infected cells were TUNEL positive. Almost no TUNEL-positive cells were observed in the mock-infected cultures. Characterization of DNA fragmentation by agarose gel electrophoresis and TUNEL assay unambiguously demonstrated internucleosomal DNA cleavage in MHV-infected 17Cl-1 cells.
To confirm that MHV-infected 17Cl-1 cells were undergoing apoptosis, MHV-A59-infected 17Cl-1 cells were stained with the fluorescent dye Hoechst 33342. Cells at 80% confluence were mock infected or infected with virus. At various times p.i., cells were collected, washed with phosphate-buffered saline (PBS), and resuspended in 100 l of PBS. Cells were fixed by first slowly adding 200 l of fixing solution (3:1 methanol:acetic acid) and then adding additional fixing solution up to 2 ml. The samples were then incubated at room temperature for at least 1 h. After centrifugation at 1,000 rpm for 10 min, cells were resuspended in 400 l of fixing solution. Approximately 100-l volumes of cell suspensions were deposited on microscopic slides and air dried. Cells were stained with a drop of staining solution (50% glycerol, 50% 0.1 M Tris-HCl [pH 7.4], 1 g of Hoechst 33342 per ml), coverslipped, and observed under a fluorescence microscope. In the mock-infected culture, the majority of cells contained intact nuclei at 68 h p.i. In MHVinfected 17Cl-1 cultures examined at 68 h p.i., cells which had detached from the culture dish showed chromatin condensa- tion (Fig. 3 ). Hoechst staining of cells which remained attached to the plate at 68 h p.i., demonstrated that MHV-infected cells showing CPE also underwent chromatin condensation (data not shown). These data demonstrated that apoptosis was induced in MHV-infected 17Cl-1 cells, and the strong apoptotic signs were evident late in infection.
To test whether binding of MHV to MHV receptors or some unidentified substances, other than MHV, present in the inoculum induced apoptosis, the MHV-A59 preparation that was used in the above experiments was inactivated by irradiation of inoculum with UV light prior to addition to 17Cl-1 cells. The infectivity of UV-irradiated samples was less than 1 PFU. After incubation for 1 h at 37°C, the inoculum was removed and the cells were incubated for up to 46 h. Neither CPE nor internucleosomal DNA cleavage was observed in the cells that underwent this treatment (data not shown), demonstrating that binding of MHV to MHV receptors alone or unidentified substances, which may be present in the inoculum, did not induce apoptosis. Replication of MHV was necessary for inducing apoptosis.
In the very late stage of this study, we noticed that changing cell culture condition significantly affected CPE phenotype and induction of apoptosis. When MHV-A59-infected 17Cl-1 cells were incubated in a medium containing DMEM from a different vender (GIBCO-BRL), fusion-type CPE was detected at 10 h p.i., and DNA ladder was clearly detected as early as 24 h p.i. (data not shown). There were several differences in the contents of two batches of DMEM used in this study; one major difference was that DMEM from GIBCO-BRL lacked sodium pyruvate, while DMEM used in most of our other experiments contained sodium pyruvate. Our present data and previous findings of apoptosis in TGEV-infected cultured cells (19) and in MHV-3-infected cultured macrophages (4) established that apoptosis is one mechanism of cell death in coronavirus-infected cells.
We examined whether apoptosis was induced in another MHV-susceptible cell line, DBT (26) . DBT cells show extensive cell fusion after overnight infection with MHV-A59, and the fused cells detach from the plates. Floating fused cells and the small number of cells that were still attached to the plates were collected at 12, 36, and 48 h p.i. Gel electrophoresis of low-molecular-weight DNA fragments from these samples and TUNEL assay at 12 h p.i. showed no sign of DNA fragmentation (data not shown), demonstrating that MHV infection in these cells did not induce internucleosomal DNA cleavage. Few signs of apoptosis (demonstrated by Hoechst staining) and very limited cell fusion were observed in DBT cells that were infected with MHV-A59 at a low cell density (data not shown), indicating that prevention of cell fusion did not induce apoptosis. These studies demonstrated that apoptosis was not a universal event among MHV-infected established cell lines. DBT cells are derived from an astrocytoma isolated from CDF1 mice (26) , while 17Cl-1 cells are a line of spontaneously transformed mouse BALB/c 3T3 cells (54); DBT cells and 17Cl-1 cells were derived from different organs of different strains of mice. The difference in the apoptotic response to MHV infection between DBT cells and 17Cl-1 cells may be determined by the difference in the origin of organs and/or difference in the strain of mice. In the case of MHV-3-induced apoptosis in macrophages, differences in the genetic background play a role for the severity of apoptosis (4).
To determine whether MHV-induced apoptosis was caspase dependent, we studied the effect of Z-Asp-Glu-Val-Asp-FMK (Z-DEVD-fmk), an irreversible and cell-permeable inhibitor of caspase-3, on the induction of apoptosis in MHV-A59-infected 17Cl-1 cells. When caspase-3 is activated by apoptotic stimuli, it activates a caspase-activated DNase (CAD), which is present in the cytosol complexed with its inhibitor ICAD. Caspase-3 cleaves ICAD and allows CAD to translocate to the nucleus and degrade DNA (20) . 17Cl-1 cells were incubated for 2 h with 40 or 80 M Z-DEVD-fmk (Enzyme Systems Products, Livermore, Calif.) prior to MHV-A59 infection. After MHV infection at an MOI of 1 for 1 h at 37°C, cells were incubated in the presence of 40 or 80 M Z-DEVD-fmk for 24 h. At 24 h p.i., the Z-DEVD-fmk was replenished, and the cultures were incubated for an additional 24 h. At 48 h p.i., low-molecular-weight DNAs were extracted. Agarose gel electrophoresis of apoptotic DNA fragments showed that addition of 80 M Z-DEVD-fmk in the medium strongly inhibited internucleosomal DNA cleavage (Fig. 4) . Apoptosis was only modestly inhibited at a concentration of 40 M Z-DEVD-fmk. These data showed that caspase-3 inhibitor Z-DEVD-fmk suppressed the MHV-induced apoptosis, demonstrating that MHV-induced apoptosis in 17Cl-1 cells was caspase dependent. A comparison of one-step growth curves of MHV in 17Cl-1 cells in the presence and absence of 80 M Z-DEVDfmk indicated that suppression of caspase-3 activity did not affect MHV growth (data not shown). Our present data and the previous finding that TGEV-induced apoptosis is inhibited by the pancaspase inhibitor Z-VAD.fmk (19) indicate that coronavirus infection induces caspase-dependent apoptosis (12, 45) .
To examine whether expression of any individual MHV structural protein could induce apoptosis, cells were infected with a series of recombinant vaccinia viruses, each of which expresses a single MHV structural protein, and tested for internucleosomal DNA cleavage and chromatin condensation. We used the IHD strain of vaccinia virus (VV-IHD) as our wild-type (wt) virus and a series of recombinant vaccinia viruses expressing MHV-JHM M protein (vJM) (52), MHV-JHM N protein (vJN) (53) , and MHV-JHM HE protein (vJHE) (52) and that expressing S protein of the cl-2 variant of MHV-JHM [RVV t(ϩ)] (57). To generate recombinant vaccinia virus expressing MHV-JHM E protein (VV-E), a DNA fragment containing the coding sequence of the MHV-JHM E protein was amplified by PCR. In the PCR, the nucleotides at Ϫ3 (G) and ϩ4 (T) were changed to an A and a G, respectively, in an attempt to increase the translation efficiency of RNA transcripts from the E protein gene (31) . The PCR product was cloned into the vaccinia virus transfer vector pSC11ss. The E gene was subsequently put under the control of a strong synthetic vaccinia virus late promoter (14) by transferring the entire coding sequence of the MHV-JHM E gene to the pMJ601 vector. Recombinant vaccinia viruses were isolated by established procedures (8, 40) . Internucleosomal DNA cleavage occurred in wt VV-IHD-infected 17Cl-1 cells (data not shown) and not in VV-IHD-infected DBT cells (Fig. 5) , suggesting that VV-IHD infection induced apoptosis in 17Cl-1 cells but not in DBT cells. These data implied that 17Cl-1 cells were not suitable for subsequent studies. Accordingly, we used DBT cells for further studies. DBT cells were independently infected with VV-IHD, VV-E, vJM, RVV t(ϩ), vJN, or vJHE, at an MOI of 1. Low-molecular-weight DNA was extracted from total cell populations at various times p.i. Extensive DNA fragmentation occurred in VV-E-infected cells (Fig. 5) but not in cells that were infected with VV-IHD or other recombinant vaccinia viruses (data not shown). Accumulation of E protein in VV-E-infected cells was evident at 30 h p.i. by radioimmunoprecipitation of [ 35 S]methionine-labeled E protein by anti-E protein antibody (data not shown). The amount of MHV N protein, M protein, HE protein, and S protein present in cells infected with recombinant vaccinia viruses was significantly higher than the amount of E protein contained in VV-Einfected cells (data not shown). Thus, the absence of DNA fragmentation in the other recombinant vaccinia virus-infected cells was not due to a low expression level of the MHV N, M, HE, and S proteins. Hoechst staining of vaccinia virus-infected cells at 42 h p.i. showed chromatin condensation in VV-E infected cells but not in wt VV-IHD-infected cells (Fig. 6 ). These data demonstrated that MHV E protein expression induced apoptosis in DBT cells. This is the first demonstration that one of the coronavirus proteins can induce apoptosis. MHV E protein is an acylated low-molecular-weight integral membrane protein, which is synthesized in small amounts in MHV-infected cells (64) . E protein is membrane associated and is transported to the cell surface in coronavirus-infected cells (64) . E protein is important for coronavirus assembly, particularly for the formation of the virus envelope (3, 5, 30, 60) . As the MHV E protein also induced apoptosis, it is a multifunctional protein.
Overexpression of the Bcl-2 oncoprotein delays or blocks apoptosis induced by various stimuli, including virus infection (21, 25, 37) . To determine if high-level Bcl-2 expression blocked MHV E protein-induced apoptosis, we established a DBT cell line stably expressing the bcl-2 gene. To establish stable transformants, DBT cells at approximately 60% confluence were transfected with plasmid pZIPbcl-2, which expresses the human bcl-2 gene (37), or its parental plasmid, pZIPneo (7), which lacks the bcl-2 gene. Both plasmids contain a neomycin resistance gene (37) . Lipofection reagent (GIBCO-BRL) was used for transfection. A pool of DBT cells that were stably transfected with pZIPbcl-2 (DBT/bcl-2) or with pZIPneo (DBT/neo) was selected by adding 800 g of Geneticin (GIBCO-BRL) per ml to the culture medium. Expression of Bcl-2 was examined by an immunoblot assay. Cell lysates from DBT, DBT/neo, or DBT/bcl-2 cell cultures were submitted to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and separated proteins were transferred to TransBlot transfer polyvinylidene difluoride membranes (Bio-Rad). The membranes were probed with a mouse anti-human Bcl-2 monoclonal antibody (Boehringer Mannheim) at a dilution of 1:100 in PBS, followed by a 1:1,000 dilution of a sheep antimouse immunoglobulin G secondary antibody conjugated to horseradish peroxidase. The signal was visualized by enhanced chemiluminescence (Amersham). We detected a high level of expression of Bcl-2 in DBT/bcl-2 cells but not in DBT and DBT/neo cells (Fig. 7A) . DBT/bcl-2, DBT/neo, and DBT cells were infected with VV-E at an MOI of 1, and the low-molecular-weight DNA was extracted at 48 h p.i. Detection of internucleosomal DNA cleavage products by agarose gel electrophoresis showed that DNA fragmentation induced by VV-E infection was significantly inhibited in the DBT/bcl-2 cells but not in DBT/neo or DBT cells (Fig. 7B) . Levels of expression of E protein in these cells were similar (data not shown). These data demonstrated that the apoptotic pathway induced by E protein was blocked by a high level of Bcl-2 expression, suggesting that the initiation of the apoptotic pathway activated by MHV E protein is likely located upstream of Bcl-2. In the study of TGEV-induced apoptosis, the authors discussed the inability of human Bcl-2 to block or delay apoptosis induced by TGEV infection (19) .
We demonstrated induction of apoptosis in MHV-infected 17Cl-1 cells but not in MHV-infected DBT cells. It is not clear why apoptosis was not induced in MHV-infected DBT cells, since E protein expression driven by VV-E induced apoptosis in DBT cells. Production of MHV E protein must occur in MHV-infected DBT cells, because E protein is necessary for virus assembly (22) . There are several possibilities to explain why apoptosis was not induced in MHV-infected DBT cells. One possibility is that the amount of E protein produced in MHV-infected DBT cells is too low to induce apoptosis. E protein synthesis was detectable by immunoprecipitation of protein in MHV-JHM-infected cells was too low to be detected. However, DBT cells infected with MHV-A59 synthesize approximately 10-fold-higher levels of E protein than MHV-JHM-infected DBT cells (data not shown), yet apoptosis was not induced in MHV-A59-infected DBT cells. Study of E protein-mediated apoptosis under an expression system, in which E protein expression level is regulated and vaccinia virus is not involved, will not only provide valuable information to address the question but also clarify whether some vaccinia virus function(s) might contribute to E protein-induced apoptosis. Another possibility is that apoptosis induction by the MHV E protein is somehow suppressed in MHV-infected DBT cells throughout infection. If this is the case, MHV infection in DBT cells may induce antiapoptosis function(s), which suppresses E protein-induced apoptosis.
Studies of porcine reproductive and respiratory syndrome virus (PRRSV), an arterivirus, demonstrated that PRRSV infection in established cell lines induces apoptosis (56) . Arteriviruses are enveloped RNA viruses closely related to coronaviruses (6, 15) . Expression of glycosylated membrane p25 protein of PRRSV by recombinant vaccinia virus also induces apoptosis, while overexpression of Bcl-2 does not prevent apoptosis induction by expressed PRRSV p25 (56) . In contrast, overexpression of Bcl-2 inhibited MHV E protein-induced apoptosis. Although MHV E protein and PRRSV p25 are both viral structural envelope proteins, they are not homologs. In fact, the structural proteins of the arteriviruses and coronaviruses are unrelated, thus there is no arterivirus homolog to the E protein. The difference in the induction of apoptosis in the Bcl-2-overexpressing cells indicated that mechanisms of apoptosis induction by PRRSV p25 protein and MHV E protein are probably different.
